Abstract-Biomaterial scaffolds play an important role in cartilage tissue engineering. They act as a temporary extracellular matrix substitute and template for cellular growth in vitro and support mechanical integrity in vivo. Several limitations have been reported when natural and synthetic biomaterials were used individually. They are unable to satisfactorily mimic the actual substrate for tissue regeneration both structurally and functionally. The formation of hybrid scaffolds consisting natural and synthetic biomaterials has been proposed to improve the outcomes. Therefore, this study aimed to form and evaluate threedimensional (3D) 65:35 poly(lactic-co-glycolic acid) PLGA ("P") scaffold incorporated with and without atelocollagen ("A") and/or fibrin ("F"). The PLGA scaffold was formed using solvent casting and salt leaching method, freeze-dried, and crosslinked with the natural biomaterials. The hybrid scaffolds groups were "PAF", "PA" and "PF". The PLGA only scaffold was used as control. All scaffolds were evaluated using selected analytical techniques namely Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy analysis, scanning electron microscopy (SEM), porosity study, water uptake capacity, and cytocompatibility analysis in "chondrocyte-scaffold" constructs groups at week 1, 2 and 3 in vitro. The interaction of PLGA scaffold with fibrin and/or atelocollagen was evidenced based on the notable peaks of amide bonds. The microscopic pore structures appeared interconnected. Total porosity in all scaffolds were varied. All groups demonstrated porosity range from 56% to 61%. Proper swelling ratio of the scaffold is crucial to mimic the water uptake capacity in the living tissues. Despite its hydrophobicity, the PLGA only group demonstrated the highest swelling ratio when compared to other groups though, the difference is not significant. The cytocompatibility of all scaffolds except PA showed similar trends of cell proliferation. In this study, the incorporation of fibrin facilitates better microenvironment for cellular growth in terms of cell adherence to the scaffolds compared to the groups without fibrin. Based on the preliminary results, the 65:35 PLGA based hybrid scaffolds may have the potential for cartilage tissue engineering application.
I. INTRODUCTION
National Institute of Health highlighted that tissue engineering (TE) as one of the ways to improve the wellbeing and quality of life. This multidisciplinary field exploring new strategies in developing the biological substitutes to restore, maintain and enhance the function of tissues [1] . This field focusing on three major components which are the scaffolds, cells and signaling molecules [2] to fulfill both recovery and reestablishing capacities for an effective clinical application. Scaffolds are used to provide physical supports for the creation of functional tissues. These biomaterials facilitate in cellular development and morphogenesis. The scaffold base material and its architecture can be considered the central component of a tissue-engineered implant. Biomaterial for fabrication of scaffolds can be divided into two groups such as synthetic and natural.
The synthetic biomaterials included the polystyrene, poly-l-lactic acid (PLLA), polyglycolic acid (PGA) and poly (lactic-co-glycolic acid) (PLGA) are widely used due their good processability and controlled biodegradability [3] . PLGA is the most commonly used biodegradable synthetic polymers for three dimensional (3D) scaffolds in TE application [4, 5] . This commercially available polymers have been approved by the US Food and Drug Administration (FDA) and European Medicines Agency for clinical application such grafts and prosthetic devices. It is degradable through de-esterification and hence can be removed by natural pathways of the human body system [4, 6] . The thermoplastic properties of PLGA allow it to be fabricated easily into various sizes and shapes for TE applications [7, 8] . Despite its ability could mimic native extracellular matrix (ECM) components, it has the potential to create local inflammation in tissue and initiate enzyme hydrolysis [7, 9] . However, these copolymers lack bioactive function and hence, only evoke minimal inflammatory responses [10, 11] . Due to numerous potentials of PLGA, it hoped that this synthetic biodegradable material will make a good scaffold base for in vitro tissue formation.
Meanwhile, natural biomaterials such as collagen, atelocollagen, alginate-based substrates and chitosan are biologically active which provide excellent environment for cell adhesion and growth. The collagen is the natural substance of the ECM which promote better facilitation for the cellular attachment and proliferation when incorporated with synthetic biomaterials [12] . Due to the presence of telopeptide region in collagen which may initiate immunogenic reaction, atelocollagen has been studied as the alternative biomaterial [13, 14, 15] . With lack antigenicity properties, atelocollagen is considered safe to be applied as biomaterial scaffold in TE. Previous studies indicated the incorporation of atelocollagen with other biomaterials has the capability to maintain cells viability and produce type II collagen as well as proteoglycans in vivo [13, 14] . Beside atelocollagen, fibrin is widely used in tissue regeneration studies [16, 17, 18] . Fibrin is known as a well-established hemostat, sealant, and adhesive with multiple FDA-approved [19] . It is often combined with other materials due to the weak mechanical strength [20] .
Ultimately, scaffolds play its role as substitute for ECM by providing cells with substrate for growth and mechanical integrity post implantation. It must be proven to provide suitable environment for tissue regeneration. There are certain criteria should be considered when determining the biomaterial for scaffold. For instance, the material must be biocompatible to avoid any toxicity effects. Other than that, it must possess controlled degradation rate which is crucial in the post implantation stage [21] . Having similar mechanical properties to the tissue replaced also one of the properties of the ideal scaffolds [22] . The biomaterial must be porous to provide space for the growth and proliferation of cells [2, 21] . This is to ensure the constructs are adaptable to clinical problem under treatment and capable of mimicking the natural materials for tissue regeneration. Thus, through the incorporation of atelocollagen, fibrin and PLGA biomaterial scaffolds, it is hoped the newly-formed tissue can mimic the structure and functionality of the native tissue.
Based on the previous study [13] , the PLGA based scaffolds were characterized for the intervertebral disc tissue engineering application using the similar methods. However, the differences between the two studies is the ratio of lactide to glycolide in the previous and present study which is 50:50 and 65:35 respectively. Other than that, this present study focusing on the articular cartilage tissue engineering application. In this study, the 3D hybrid scaffolds were studied on its physical properties and the biocompatibilities towards the cell viability.
II. METHODS

A. Preparation of Microporous 3D PLGA Based scaffolds
The PLGA scaffolds were fabricated using solvent casting leaching method. One (1) g of PLGA (mole ratio 65:35, molecular weight 24,000 -38,000 g/mole, Resomer® RG 653 H) was dissolved in 5 ml Methylene Chloride (CH2Cl2). Based on the previous studies [13, 23] , 9 g of sieved sodium chloride (NaCl) particles (approximately 350-400 µm) were added into the mixture and cast into the silicone mould quickly and will be compressed for 24 hours. After 24 hours, the scaffolds were immersed into 1 litre of distilled water for 24 hours of salt leaching process. Next, the scaffolds were stored at -20°C for 3-4 hours and subsequently in -80°C for 24 hours. The scaffolds were freeze-dried for 24 hours and kept in room temperature with silica upon use. Prior to cells seeding, the scaffolds were sterilized with 70% ethanol and washed three times with phosphate-buffered saline (PBS) before use.
PLGA-Atelocollagen (PA) scaffolds were fabricated by immersing each PLGA scaffold in 1 ml of crosslinking solution [19] . Cross linking solution comprises 40 mM of 1-ethyl-3-(3-dimethyllaminopropyl)carbodiimide (EDC) (Thermo Scientific™) and 20 mM N-hydroxysuccinimide (NHS) (Thermo Scientific™) dissolve in 2-ethanesulfonic acid buffer (Thermo Scientific™). After 1 hour of incubation, the scaffolds were washed with distilled water and air-dried for few minutes. 100 μL of AteloCell® Type II collagen (Koken, Japan) was pipetted onto each PLGA scaffolds and incubated at 37 o C.
PLGA-Fibrin (PF) scaffolds were incorporated by homogeneously mixed between plasma-derived fibrin with calcium chloride (CaCl2) Green Cross P.D. Company, Yongin, Korea) onto each PLGA scaffolds [24] .
Like the procedure mentioned earlier, the PLGA scaffolds were incorporated with atelocollagen followed by the fibrin. The scaffold groups were freeze-dried after 2 hours of incubation and kept with silica to maintain the dryness under room temperature.
B. ATR-FTIR Spectroscopy Analysis
The 3D hybrids scaffolds were evaluated with the ATR-FTIR). Infrared spectra for all scaffold groups were measured using Spectrum Two FTIR Spectrometer (Pelkin, USA) with spectral range of 4000-400 cm resolution. Freeze-dried samples of each scaffold groups were placed on platform and gently pressed down with pressure tips. The spectrum produced was normalized by comparing to the ambient air spectrum as the background. The positive incorporation of atelocollagen or fibrin on PLGA scaffold was indicated by the presence of the amide bond.
C. Morphology Observation
The morphology of the fresh scaffolds (without fixation) was observed macroscopically. Meanwhile, the microscopic aspects and interior architectural structures of the scaffolds were visualized using ZEISS EVO 50 field emission SEM (FESEM, Jena, Germany). The scaffolds were cut in small pieces with razor blade, oriented, and placed on the stub using carbon paint. The samples were coated with gold using JFC-1600 auto fine coater and observed under SEM with voltage of 10 kV.
D. Porosity Analysis
Total porosity of the scaffold groups was utilized using a simple gravimetric analysis. This gravimetric method observes the loss in weight of the sample when immersed in a fluid. The weight of the scaffold groups were measured before and after immersion in absolute ethanol (Leica Biosystems, USA). Ultrasonicator bath was utilized to encourage productive infiltration of ethanol inside the frameworks. Equation (1) was used to calculate the porosity of the scaffold:
where M1 is the weight of scaffold before immersion with ethanol, M2 is the weight of scaffold after immersion with ethanol, ρ is the density of ethanol (0.789 g/cm 3 ), and V is the volume of scaffold = πr2h = (3.1416 × 0.352 cm 2 × 0.3 cm) = 0.1155.
E. Swelling Test
Water absorption capacity of the scaffold groups were measured by immersing the scaffolds in water at 37°C for 24 hours. The weight of the scaffold groups were measured before and after immersion in water. Equation (2) was used to calculate the percentage of water absorption (SWA) of the scaffold:
where, W24H is the wet weight of scaffold after 24 hours of immersion in water and W0 is the initial weight of the scaffolds. The percentage of absorption (SWA) values were expressed as mean ± standard deviation (SD) (n = 6).
F. Cytocompatibility Evaluation using Modified 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Assay
The cell viability was assessed using a modified MTT cell proliferation assay (MTT, Merck, Germany). The test was performed on the chondrocytes seeded scaffolds on day 7, 14 and 21. Chondrocytes were aseptically dissected from articular cartilage of New Zealand White Rabbit's knee. The freeze-dried scaffold groups were sterilized using 70% ethanol followed by washed with phosphate buffered saline (PBS 1X, pH 7.2) supplemented with 1% of Antibiotics and Antimycotic (PBS-AA) three times. The scaffolds were left dried for few minutes. The chondrocytes were seeded onto the scaffold groups at density of 1 x 105 per scaffold. According to the timepoint mentioned earlier, 100 μL of MTT solution (5 mg/mL stock in PBS) was added into each well for 4 hours of incubation at 37°C prior cell viability assessment. All constructs were transferred into another new plate. The formazan crystals formed were dissolved using 1 mL of dimethyl sulfoxide (DMSO, Merck, Germany) per scaffold. A total of 100 μL of solubilized mixture was transferred into 96-well microtiter plates (Nunclon™ Delta Surface, NUNC, Denmark). The absorption intensity was read with microplate reader (Versa Max, Molecular Devices, USA) at 570 nm. The cell number was derived by substituting the values of absorbance onto standard curve equation.
G. Statistical Analysis
All quantitative results were analyzed using one-way analysis of variance (ANOVA) with confidence level of 95% and post hoc analysis. The statistical significance was determined based on p<0.05. The data were expressed as mean ± SD.
III. RESULTS
A. Amide Bonds Formation by ATR-FTIR Spectroscopy
The successful incorporation of atelocollagen and fibrin was displayed by two notable peaks of stronger and weaker formation of amide bond. No peak of amide bond was observed for PLGA scaffold only.
B. Macroscopic and Microscopic Morphology
All fresh scaffold groups showed similar gross morphology. The microscopic pore structures were evidenced and appeared interconnected in SEM micrographs for all scaffold groups. The overall results are summarized in Fig. 1 below. 
C. Total Porosity
The incorporation of the natural biomaterials to the PLGA based scaffolds have no significant effect on the porosity. The porosity of each scaffold was evaluated using gravimetric analysis (PAF, 61.03 ± 11.80; PA, 56.37 ± 9.74; PF, 62.22 ± 13.37; PLGA, 59.93 ± 5.42) (Figure 2 ). 
D. Water Uptake Ability
The water uptake ability of the scaffolds was in the range of 400%-680%. Although PLGA demonstrated highest swelling ratio (PLGA, 680.02% ± 174.61%), there is no significant difference as compared to other 3D hybrid scaffold groups (PAF, 441.38% ± 70.12%; PA, 545.23% ± 33.96%; PF, 481.84% ± 50.606%) (Figure 3) . Fig. 3 . Water uptake capacity of scaffolds during immersion in water for period of 24 hours. The swelling ratio range from 400% to 680%. The 3D hybrid scaffold groups show no significant differences of swelling ratio.
E. Cytocompatibility
Cytocompatibility evaluation was measured based on the number of viable cells in constructs groups at week 1, 2 and 
IV. DISCUSSION
Scaffolds play an important role as temporary framework for the regeneration of newly formed tissues. These scaffolds give physical support which is crucial in facilitating the cellular growth. Recent studies demonstrated the combination of natural and synthetic biomaterials or known as hybrid scaffolds, provide excellent microenvironment for cell adhesion and growth [25] . These hybrid scaffolds also demonstrated to lessen the inflammatory response during the in vivo study [23] .
This present study focused on the incorporation of either atelocollagen or fibrin or both natural biomaterials with PLGA scaffolds. Through the ATR-FTIR, the successful incorporation of these biomaterials was displayed by the presence of amide bond. The amide bond is the bond formation between the carboxyl group of PLGA and amine group of atelocollagen. The EDC/NHS crosslinker prevent leaching out of the material from the scaffold. The reaction between hydroxyl and primary amines leads to the formation of amide bond [13] .
The solvent casting and salt leaching have been used to form the PLGA based scaffolds. This conventional technique has been widely practiced in TE applications [26, 27] . The pore size of scaffolds was controlled by the size of porogen used (350-400 µm). However, this technique was unable to control the internal scaffold architecture [26] . Thus, the interconnected pore structures formed were different for each scaffold. This structure is important for better cellular penetration, nutrient diffusion and waste excretion [25] . The pore size has influence over amount of glycosaminoglycans production [28] , cell viability [29, 30] and maintain phenotype of the cells [28] . Microscopically, the interconnectivity of pore structures can be observed from the SEM images.
The total porosity is directly proportional to the amount of pore space in the scaffolds. In this present study, the total porosity of all scaffold groups ranges from 56% to 62% which is acceptable to avoid compromising its mechanical properties [26] . In contrast to a previous study [13] , the total porosity ranges from 61% to 85% which is higher when compared to current study. This is probably due to different mole ratio (50:50) used in the previous study.
The swelling ratio was determined to indicate the water uptake capacity of scaffolds. This is crucial for TE applications [31] . The capacity of holding water relies on the hydrophilicity and intermolecular forces of the biomaterial scaffolds [13] . The water uptake capacity of the frameworks was in the scope of 400%-680%. Despite its hydrophobicity properties [32] , PLGA exhibited most elevated swelling proportion when contrasted with other 3D hybrid scaffold groups. In addition, the incorporation of atelocollagen overcome the hydrophobicity of methyl group [13] . In contrast to addition of fibrin to the scaffold, the swelling ratio did not exhibit the same effect.
The biomaterial scaffolds must be compatible for the cell growth and proliferation. Increase number of viable cells indicated cytocompatibility towards the biomaterial scaffolds in terms of cell proliferation and ECM production [33] . All groups demonstrated increment of viable cells until week 2 but slightly decrease on week 3 excluding PA group. The PAF and PF showed better cell proliferation with the addition of fibrin. This is because the fibrin may provide better cell adhesion to promote cell growth [13] .
V. CONCLUSION
This study indicated that the incorporation of fibrin facilitates better microenvironment for cellular growth in terms of cell adherence to the scaffolds compared to the groups without fibrin. Based on the preliminary results, the 65:35 PLGA based hybrid scaffolds may have the potential for cartilage tissue engineering application. Further studies on the properties of PLGA based scaffolds are currently underway involving the analysis on pH and biodegradability, mechanical strength, and glass transition temperature.
